INTRODUCTION
============

Alcoholic fatty liver disease (AFLD) is a leading cause of liver diseases worldwide. Hepatic steatosis, the benign form of AFLD, is the most general response to chronic heavy alcohol consumption ([@b1-tr-34-023]). The development of alcoholic steatosis involves alcohol and acetaldehyde-induced direct hepatocyte injury and death caused by increased reactive oxygen and nitrogen species production, lipid peroxidation, and oxidative DNA injury ([@b2-tr-34-023]). Moreover, by promoting hepatic lipid accumulation, alcohol plays a major role in activating hepatic inflammatory processes and reprograming lipid metabolism ([@b3-tr-34-023]--[@b5-tr-34-023]).

Several pathways are involved in the pathogenesis of ethanol-induced liver disease. One of the central pathways involves the induction of cytochrome P450 2E1 by ethanol, leading to the induction of lipid peroxidation in hepatocytes ([@b6-tr-34-023]). A second pathway involves the regulation of transcription factors associated with fat metabolism by ethanol. Ethanol also affects the activities of enzymes involved in energy metabolism including AMP-activated protein kinase (AMPK) and sirtuin-1 (SIRT1). SIRT1 plays a vital role in the regulation of systemic energy production and steroid homeostasis in the liver ([@b7-tr-34-023]). Previous studies have indicated that acetaldehyde and acetate, two major ethanol metabolites, significantly inhibit SIRT1 expression and activity in cultured macrophage cell lines ([@b8-tr-34-023]). In addition, it was suggested that shRNA-mediated knockdown of SIRT1 has a critical role in the development of alcoholic steatosis ([@b8-tr-34-023]). Ethanol-mediated dysregulation of hepatic AMPK, a lipid regulator, is one of the major mechanisms in the pathogenesis of AFLD ([@b9-tr-34-023]--[@b11-tr-34-023]), as the impaired AMPK signaling accelerates lipid accumulation and inhibits lipid catabolism ultimately leading to AFLD development in animals ([@b12-tr-34-023]).

The proven effectiveness of herbal therapies and traditional Chinese medicines against various diseases has led to an increase in their usage in western countries ([@b13-tr-34-023]). Isoliquiritigenin (ISL, [Fig. 1](#f1-tr-34-023){ref-type="fig"}) is a natural flavonoid with a chalcone structure (4,2′,4′-trihydroxychalcone) isolated from licorice (*Glycyrrhiza uralensis*) roots ([@b14-tr-34-023]). It has various biological properties, including anti-inflammatory, antioxidant, anti-platelet aggregation, vasorelaxant, and estrogenic properties ([@b2-tr-34-023],[@b15-tr-34-023]--[@b18-tr-34-023]). ISL is also a potent mitotic inhibitor and an inducer of apoptosis and might therefore have a significant antitumor activity ([@b19-tr-34-023],[@b20-tr-34-023]). Furthermore, studies have shown that ISL can induce autophagy in many cancer cell lines ([@b21-tr-34-023]). However, the effect of ISL on hepatic SIRT1-AMPK signaling in ethanol-induced fatty liver disease remains largely unknown.

Therefore, it is of interest to determine whether ISL has beneficial effects on SIRT1 and AMPK activity. We hypothesized that ISL may improve the ethanol-induced, SIRT1-AMPK signaling-mediated dysregulation of lipid metabolism. In this study, we showed that ISL potently increased both SIRT1 and AMPK phosphorylation, which, in turn, reduced the triglyceride (TG) accumulation in alcoholic steatosis. Thus, this study provides a novel mechanistic insight into AFLD pathogenesis and suggests that ISL may be a suitable candidate for the pharmacological intervention of alcoholic steatosis.

MATERIALS AND METHODS
=====================

Materials
---------

ISL (\> 95% pure), a yellow, water-insoluble powder, was isolated from the ethanol extract of Glycyrrhizae Radix in our previous study ([@b22-tr-34-023]). A stock solution (100 mM) was prepared in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, USA), aliquoted, and stored at −20°C until use. For all experiments, the final concentrations of the test compound were prepared by diluting the stock with medium. Control cells were treated with the carrier solvent (\< 0.1% DMSO).

Cell culture and treatment
--------------------------

AML-12 cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA), plated at a density of 3 × 10^5^ cells per well in 60 mm dishes, and grown to 70\~80% confluency. The cells were maintained in Dulbecco's modified Eagle's medium/nutrient mixture F-12 containing 10% fetal bovine serum (Hyclone, Logan, UT, USA), 50 units/mL penicillin and 50 mg/mL streptomycin (Gibco, Waltham, MA, USA), 0.005 mg/mL insulin (Gibco) and 40 ng/mL dexamethasone (Sigma-Aldrich) at 37°C with 5% CO~2~. ISL was dissolved in DMSO, diluted with phosphate-buffered saline (PBS, Gibco), and added to the cells. The cells were then incubated at 37°C for the indicated time period and washed twice with ice-cold PBS before sample preparation.

Cell viability assay
--------------------

The effect of ethanol and ISL treatment on cell viability was examined in a dose-dependent manner by the water-soluble tetrazolium (WST)-1 assay (Roche, Mannheim, Germany), according to the manufacturer's instructions. Briefly, cells were seeded in 96-well plates (3 × 10^5^ cells per well), cultured for 24 hr, and treated with various concentrations of ethanol (0\~500 mM) or ISL (0\~200 μM) in fresh medium. After the addition of fresh medium, WST-1 solution was added at 10 μL/well. The cells were then incubated for 3 hr at 37°C, and absorbance was measured at 450 nm using a microplate reader (Tecan, Männedorf, Switzerland). The cell viability was expressed as a relative percentage of the control viability, after subtraction of the background value.

Detection of intracellular lipid accumulation by oil red O staining and measurement of TG content by subsequent isopropanol extraction
--------------------------------------------------------------------------------------------------------------------------------------

Lipid droplet formation in hepatocytes was monitored by oil red O staining. AML-12 cells were grown on a 6-well plate and treated with various concentrations of ethanol (0\~500 mM) or ISL (0\~200 μM) in fresh medium. The cells were then fixed in 10% formalin in PBS, rinsed with 60% isopropanol, and stained with oil red O solution at room temperature (25°C) for 30 min. The TG content was quantified by extracting the samples with isopropanol at room temperature for 5 min and measuring the absorbance at 510 nm. The intracellular TG content was thus measured in AML-12 cells.

Immunoblot assay
----------------

Samples were prepared from AML-12 cells, which were treated as described above, and subjected to immunoblotting, as described previously ([@b23-tr-34-023]). The proteins were resolved on a 10% gel and transferred to polyvinylidine difluoride membrane (PVDF) (Millipore, Bedford, MA, USA). Then membrane was incubated with primary antibodies of SIRT1 (Cell Signaling Technology, Canvers, MA, USA), AMPK (Cell Signaling Technology), phospho-AMPK (pAMPK) (Cell Signaling Technology), sterol regulatory element-binding protein-1c (SREBP-1c, Santa Cruz Biotechnology, Dallas, TX, USA), peroxisome proliferator-activated receptor alpha (PPARα, Abcam, Cambridge, UK) and β-actin (Cell Signaling Technology) at 4°C for overnight, and secondary antibodies of Mouse IgG (Cell signaling Technology) and Rabbit IgG (Cell signaling Technology) were incubated at room temperature for 1 hr. The bands detected using an enhanced chemiluminescence (ECL) system (Amersham, Buckinghamshire, UK).

Data analysis
-------------

The data are expressed as the mean ± standard deviation (SD) and analyzed using SPSS 16.0 software (SPSS, Chicago, IL, USA). The differences among multiple groups were analyzed by one-way analysis of variance followed by the Bonferroni post-hoc test. \*, *p*-value less than 0.05 was considered statistically significant.

RESULTS
=======

Treatment with ethanol and ISL influences cell viability in a dose-dependent manner
-----------------------------------------------------------------------------------

In order to elucidate the biological pathway affected by ISL in AML-12 cells treated with ethanol, the WST-1 assay was first used to evaluate the effect of ethanol and ISL on cell viability. The viability of AML-12 cells treated with various doses of ethanol (0\~500 mM) and ISL (0\~200 μM) was thus determined ([Fig. 2](#f2-tr-34-023){ref-type="fig"}). While treatment with 5\~50 μM of ISL increased cell proliferation, strong cytotoxicity was observed over 100 μM concentrations of ISL, after a treatment period of 24 hr ([Fig. 2A](#f2-tr-34-023){ref-type="fig"}). Similarly, the hepatotoxicity of ethanol was evaluated by exposing AML-12 cells to various doses of ethanol (0\~500 mM) for 72 hr ([Fig. 2B](#f2-tr-34-023){ref-type="fig"}). Compared to untreated cells, the cells treated over 400 mM concentrations of ethanol showed decreased viability. Therefore, we confirmed that the cytotoxic effect of ISL and ethanol increased in a dose-dependent manner.

Ethanol accelerates lipid accumulation and downregulates SIRT1-AMPK signaling
-----------------------------------------------------------------------------

We exposed AML-12 cells to various concentrations of ethanol (0\~500 mM) for 72 hr to induce alcoholic steatosis *in vitro* and observed the morphological changes between control and ethanol-treated cells ([Fig. 3](#f3-tr-34-023){ref-type="fig"}). Ethanol-induced fat accumulation in AML-12 cells was indicated by the oil red O staining results ([Fig. 3A](#f3-tr-34-023){ref-type="fig"}). Hepatic steatosis was observed in all ethanol-treated cells. A greater number of lipid droplets were formed when cells were exposed to over 400 mM of ethanol for 72 hr. In order to establish whether ethanol aggravates hepatocyte steatosis *via* the SIRT1-AMPK pathway, we also measured the expression of downstream proteins in the pathway including SREBP-1c and PPARα via immunoblotting ([Fig. 3B](#f3-tr-34-023){ref-type="fig"}). AMPK phosphorylation and SIRT1 expressions were downregulated and SREBP1c expression was upregulated in AML-12 cells treated with high levels of ethanol, compared to that observed in untreated cells ([Fig. 3B](#f3-tr-34-023){ref-type="fig"}). The expression of PPARα, a ligand-activated transcription factor involved in the regulation of hepatic fatty acid oxidation, also dose-dependently decreased in AML-12 cells with ethanol-induced hepatic steatosis. Thus, our data showed that fat accumulation was accelerated and protein expression in the SIRT1-AMPK pathway was downregulated by ethanol exposure.

Elucidation of the mechanism underlying the protective effects of ISL against ethanol-induced steatosis
-------------------------------------------------------------------------------------------------------

To further elucidate the mechanisms underlying the antisteatotic effects of ISL, AML-12 cells were treated with different concentration of ISL (5, 10, 20, and 50 mM) and 200 mM ethanol for 72 hr. In this study, 200 mM ethanol was selected as the optimal concentration, as only mild hepatotoxicity and no significant decrease in cell viability were observed at that concentration. A change in cell morphology was observed in ethanol and/or ISL-treated cells ([Fig. 4A](#f4-tr-34-023){ref-type="fig"}). Although a significant increase in the number of lipid droplets was observed in AML-12 cells treated with 200 mM ethanol alone for 72 hr, the number decreased in cells treated with a combination of ethanol and ISL. TG content was also measured after the extraction of oil red O stain using isopropanol ([Fig. 4B](#f4-tr-34-023){ref-type="fig"}). We observed that ethanol exposure caused a 1.5-fold increase in TG levels, whereas ISL treatment suppressed ethanol-induced lipid accumulation in AML-12 cells.

To further confirm the effects of ISL on the SIRT1-AMPK pathway, we examined the expression of SIRT1, AMPK, pAMPK, SREBP-1c, and PPARα ([Fig. 4C](#f4-tr-34-023){ref-type="fig"}). ISL significantly increased the expression of SIRT1 and pAMPK, and decreased SREBP-1c expression in AML-12 cells. However, we could not find significantly recovery effect at the expression of PPARα with ISL treatment in AML-12 cells. Further, ethanol-induced hepatic steatosis was markedly and dose-dependently inhibited by treatment with ISL.

DISCUSSION
==========

In summary, ISL treatment effectively ameliorated chronic ethanol consumption-induced fat accumulation and dysregulation of hepatic lipid metabolism by regulating the expression of pAMPK, SIRT1 and SREBP-1c ([Fig. 5](#f5-tr-34-023){ref-type="fig"}).

The present study was aimed to investigate the possibility of using ISL for the treatment of liver diseases by evaluating its anti-steatotic effects. Our results showed that ISL ameliorated ethanol exposure-induced liver lipid deposition by decreasing the TG level and regulating the expression of SREBP-1c in hepatocytes. Moreover, the inhibitory effect of ISL on fat accumulation in AFLD was mediated by the SIRT1-AMPK pathway. Thus, our study suggests that ISL might be a promising therapeutic agent for improving AFLD-induced hepatic damage.

We investigated the dose-dependent viability of AML-12 cells after 72 hr ethanol treatment or 24 hr ISL treatment ([Fig. 2](#f2-tr-34-023){ref-type="fig"}). There was a significant decrease in cell viability at 400 mM and higher concentrations of ethanol, which is consistent with the MTT assay results reported by Luo *et al*. ([@b24-tr-34-023]) in alcohol-damaged hepatocytes. Although ISL could significantly increase the survival rate of hepatocytes in a dose-dependent manner, hepatotoxicity was observed at 100 μM and higher concentrations of ISL. In a previous study, 48 hr treatment with 50 μM ISL was reported to inhibit the proliferation of a human endometrial cancer cell line (Hec 1A) ([@b25-tr-34-023]).

The regulation of hepatic signaling plays an important role in controlling hepatic lipid and energy metabolism in response to nutrient availability ([@b2-tr-34-023]). Dysfunction of these pathways is commonly linked to several ethanol-induced liver diseases. There is increasing evidence that SIRT1 systemically regulates lipid and energy homeostasis in many metabolic tissues ([@b17-tr-34-023]). Similarly, several functional studies have shown that AMPK is a central regulator of lipid metabolism and glucose homeostasis ([@b1-tr-34-023],[@b10-tr-34-023]). Activated AMPK inhibits fatty acid synthesis and stimulates energy-producing pathways ([@b26-tr-34-023]). Synergistic activation of AMPK and SIRT1 plays a key role in insulin sensitivity and glycemic control ([@b27-tr-34-023]). It is also suggested that SIRT1 and AMPK regulate each other, share similar signaling pathways, and regulate many common targets ([@b28-tr-34-023]). Studies in cultured hepatic cells have provided evidence that SIRT1 is able to stimulate AMPK activity via modulation of liver kinase B1, an upstream AMPK kinase ([@b12-tr-34-023],[@b29-tr-34-023]). Thus, this unique SIRT1-AMPK signaling participates in regulating various lipid metabolism and inflammation pathways in alcoholic liver disease ([@b12-tr-34-023],[@b28-tr-34-023],[@b29-tr-34-023]). As an energy source, ethanol induces lipid accumulation and stimulates free fatty acid (FFA) synthesis through activation ([@b30-tr-34-023]) and/or expression ([@b31-tr-34-023]) of SREBP-1c, a transcription factor for lipogenic enzymes such as fatty acid synthase.

Our previous studies have adequately established that ethanol dysregulates lipid metabolism and causes hepatocyte injury and hepatic steatosis via the SIRT1-AMPK pathway ([@b23-tr-34-023],[@b32-tr-34-023]). The activation of AMPK/SIRT1 signaling in the liver has been found to increase fatty acid oxidation and repress lipogenesis primarily by modulating the activity of SREBP-1c or PPARγ coactivator-α (PGC-1α)/PPARα ([@b33-tr-34-023],[@b34-tr-34-023]). In the current study, we confirmed that AMPK phosphorylation, which significantly decreased upon treatment with ethanol alone ([Fig. 3B](#f3-tr-34-023){ref-type="fig"}), was restored upon treatment with both ethanol and ISL ([Fig. 4C](#f4-tr-34-023){ref-type="fig"}). Moreover, treatment of AML-12 cells with ISL resulted in a complete recovery of the ethanol-induced suppression of SIRT1 and, as evidenced by oil red O staining, inhibition of ethanol-induced SREBP-1c expression and fat accumulation.

Several studies have demonstrated that acute or chronic ethanol exposure increases SREBP-1c expression and TG content and reduces fatty acid oxidation. SREBP-1c overexpressing mice have been reported to show massive fatty livers, which supports the central role of SREBP-1c in fatty liver development ([@b35-tr-34-023]). Ethanol also influences hepatic FFA oxidation by regulating PPARs, a family of transcription factors involved in lipid metabolism ([@b36-tr-34-023]). Although ISL significantly decreased of SREBP-1c expression, increased level by ethanol treatment, ISL didn't show recovery effect of PPARα expression. The present study strongly implicated ISL as a potent agonist of SIRT1-AMPK signaling in ethanol exposure-induced steatosis following prevent ethanol-induced lipid accumulation through not increasing fatty acid oxidation but blocking lipid synthesis.

So far, no study has reported the inhibitory effect of ISL on fat accumulation in ethanol-induced hepatosteatosis. Our results indicate that the beneficial effect of ISL on alcoholic fatty liver and liver injury may be owing to improvement of homeostatic lipid metabolism in the liver. Therefore, a major finding of the present study is that the protective effect of ISL against hepatic steatosis is mediated by AMPK-SIRT1 signaling and involves suppression of the upregulation of lipid metabolism by lipogenic genes in hepatocytes. In conclusion, our study provides information on the pharmacological effect of ISL on lipid accumulation by utilizing an in vitro model of early alcoholic steatosis. Further studies are required to elucidate the long-term effects of ISL on the more advanced hepatic changes associated with AFLD or nonalcoholic fatty liver disease, such as fibrosis, cirrhosis, and hepatocellular carcinoma development.
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![Chemical structure of isoliquiritigenin.](tr-34-023f1){#f1-tr-34-023}

![Dose-dependent cytotoxicity of isoliquiritigenin (ISL) and ethanol. (A) Cytotoxicity after 24 hr ISL treatment. (B) Cell viability after 72 hr ethanol treatment. ^\*^*p* \< 0.05; ^\*\*\*^*p* \< 0.001.](tr-34-023f2){#f2-tr-34-023}

![Dose-dependent effect of 72 hr ethanol treatment on lipid accumulation and expression of downstream proteins in the AMPK-SIRT1 pathway in AML-12 cells. (A) Representative images of oil red O staining (×200). (B) Representative images of western blots showing the effect of 72 hr treatment with 200 mM ethanol on AMPK-SIRT1 signaling.](tr-34-023f3){#f3-tr-34-023}

![Effect of isoliquiritigenin (ISL) on AMPK-SIRT1 pathway in AML-12 cells. (A) Representative images of oil red O staining (×200). (B) Bar graph showing the triglyceride content in AML-12 cells after 3-day treatment with a combination of 200 mM ethanol and 0, 5, 10, 20, or 50 μM ISL. (C) Representative images of western blots showing the effect of 3 days treatment with a combination of 200mM ethanol and 0, 5, 10, 20, or 50 μM ISL on SIRT1-AMPK signaling. ^\*\*\*^*p* \< 0.001; ^\#\#\#^*p*\<0.001.](tr-34-023f4){#f4-tr-34-023}

![Proposed signaling pathway. Isoliquiritigenin (ISL) regulated hepatic lipid metabolism under ethanol exposure condition by up-regulating SIRT1-AMPK pathway, which led to dysregulation of the expression of lipogenesis.](tr-34-023f5){#f5-tr-34-023}
